. Ret heterozygous mice have enhanced intestinal adaptation after massive small bowel resection. Am J Physiol Gastrointest Liver Physiol 302: G1143-G1150, 2012. First published March 15, 2012 doi:10.1152/ajpgi.00296.2011Intestinal adaptation is an important compensatory response to massive small bowel resection (SBR) and occurs because of a proliferative stimulus to crypt enterocytes by poorly understood mechanisms. Recent studies suggest the enteric nervous system (ENS) influences enterocyte proliferation. We, therefore, sought to determine whether ENS dysfunction alters resection-induced adaptation responses. Retϩ/Ϫ mice with abnormal ENS function and wild-type (WT) littermates underwent sham surgery or 50% SBR. After 7 days, ileal morphology, enterocyte proliferation, apoptosis, and selected signaling proteins were characterized. Crypt depth and villus height were equivalent at baseline in WT and Retϩ/Ϫ mice. In contrast after SBR, Retϩ/Ϫ mice had longer villi (Retϩ/Ϫ 426.7 Ϯ 46.0 m vs. WT 306.5 Ϯ 7.7 m, P Ͻ 0.001) and deeper crypts (Retϩ/Ϫ 119 Ϯ 3.4 m vs. WT 82.4 Ϯ 3.1 m, P Ͻ 0.001) than WT. Crypt enterocyte proliferation was higher in Retϩ/Ϫ (48.8 Ϯ 1.3%) than WT (39.9 Ϯ 2.1%; P Ͻ 0.001) after resection, but apoptosis rates were similar. Remnant bowel of Retϩ/Ϫ mice also had higher levels of glucagon-like peptide 2 (6.2-fold, P ϭ 0.005) and amphiregulin (4.6-fold, P Ͻ 0.001) mRNA after SBR, but serum glucagon-like peptide 2 protein levels were equal in WT and Retϩ/Ϫ mice, and there was no evidence of increased c-Fos nuclear localization in submucosal neurons. Western blot confirmed higher crypt epidermal growth factor receptor (EGFR) protein levels (1.44-fold; P Ͻ 0.001) and more phosphorylated EGFR (2-fold; P ϭ 0.003) in Retϩ/Ϫ than WT mice after SBR. These data suggest that Ret heterozygosity enhances intestinal adaptation after massive SBR, likely via enhanced EGFR signaling. Reducing Ret activity or altering ENS function may provide a novel strategy to enhance adaptation attenuating morbidity in patients with short bowel syndrome.
INTESTINAL ADAPTATION FOLLOWING massive small bowel resection (SBR) is crucial to enhance absorptive and digestive surface area within the remnant bowel and prevent diarrhea, electrolyte abnormalities, and parenteral nutrition dependence. Adaptation is characterized by increased villus height and crypt depth as a consequence of mitogenic stimuli to intestinal crypt cells via incompletely understood mechanisms. Previous studies demonstrated important roles for many growth factors (9, 29, 33) and their receptors (44) , as well as for smooth muscle (22, 27) and angiogenesis (28, 33, 35) in controlling epithelial proliferation and apoptosis. Enteric nervous system (ENS) function in intestinal adaptation has not been studied in detail.
Since the ENS controls most aspects of intestinal activity, we hypothesized that ENS defects might also alter adaptation. We became interested in this question because the receptor for glucagon-like peptide 2 (GLP2), a potent enterocyte proliferation growth factor (10) , is expressed in enteric neurons (5) . Furthermore, GLP2-induced c-Fos expression in crypt epithelium is blocked by tetrodotoxin (TTX), a voltage-gated sodium channel inhibitor, suggesting that the ENS is essential for normal intestinal epithelial turnover (5) . Finally, our own studies demonstrated that intestinal epithelial gene expression, including epiregulin (Ereg) expression, is abnormal in neonatal mice with intestinal aganglionosis (43) , suggesting the ENS could influence intestinotrophic growth factors expression.
To test the hypothesis that the ENS influences intestinal adaptation after SBR, we used Ret heterozygous (Retϩ/Ϫ) mice. Ret is a transmembrane tyrosine kinase receptor activated by four ligands (glial cell line-derived neurotrophic factor, neurturin, artemin, and persephin) and essential for ENS development (2) . Ret-deficient mice have essentially no ENS in the small bowel or colon (37) , and Ret heterozygosity is a common risk factor for human Hirschsprung disease (1) . In contrast to humans, Retϩ/Ϫ mice have almost normal-appearing ENS anatomy, but reduced intestinal contractility and reduced release of some neurotransmitters (15) . Nonetheless, Retϩ/Ϫ mice appear healthy. We, therefore, hypothesized that, if the ENS is important for regulation of intestinal adaptation, functional defects in Retϩ/Ϫ animals might be severe enough to alter adaptation after massive SBR. We now demonstrate that bowel adaptation is enhanced in Retϩ/Ϫ mice compared with wild-type (WT) animals after SBR. Enhanced adaptation correlated with increased crypt cell proliferation, elevated intestinal amphiregulin (Areg) mRNA, increased epidermal growth factor receptor (EGFR) protein, and increased phosphorylated-EGFR (pEGFR) in crypt cells of the remnant bowel in Retϩ/Ϫ mice. These observations suggest that drugs that modulate neuronal function and polymorphisms that reduce Ret expression could amplify intestinal adaptation in humans with short bowel syndrome.
MATERIALS AND METHODS

Animals
This protocol was approved by Washington University Institutional Animal Care and Use Committee. Retϩ/Ϫ and WT mice were bred at least 10 generations into the C57BL/6 background (12).
Operative Procedure
Adult mice (7-11 wk old) were subjected to a 50% proximal SBR or sham surgery, as described (20) . Food consumption after SBR was measured daily for many of the WT (n ϭ 9) and Retϩ/Ϫ (n ϭ 5) mice. For SBR, bowel is resected starting 3 cm distal to the ligament of Treitz and extending to 12 cm proximal to the cecum, followed by end-to-end reanastomosis. For sham surgery, small bowel was transected 12 cm proximal to the cecum and reanastomosed. No antibiotics were given. Mice that die before harvest, show signs of illness (lethargy and unkempt fur), intestinal obstruction, or anastomotic leak (dilated proximal small intestine, absence of food in the cecum, and gastric distention) are excluded from analysis. In addition, mice that fail to show at least a 20% increase in villus height (i.e., the expected normal adaptation) are also excluded because they are presumed to be recovering poorly from surgery (41) . Postoperative mortality and rates of nonadaptation were equal in WT and Retϩ/Ϫ mice (P Ͼ 0.65). Overall, we evaluated 17 WT (sham n ϭ 6, SBR n ϭ 11) and 19 Retϩ/Ϫ mice (sham n ϭ 11, SBR n ϭ 8).
Tissue Collection and Analysis
Remnant small intestine from the duodenojejunal to the ileocecal junction was harvested on postoperative day 7, a time of maximal sustained adaptation (19) . The lumen was flushed with ice-cold phosphate-buffered saline. Bowel from anastomosis to ileocecal junction was measured after stretching with a 2-g weight. Samples distal to the anastomosis were analyzed. All analyses were blinded.
Histology. The ileum was opened along the mesenteric border, fixed flat in 10% neutral buffered formalin, embedded in paraffin, and cut in 5-m sections before staining with hematoxylin and eosin. Crypt depth and villus length were measured (Metamorph Software, UIC, Dowington, PA). At least 20 crypts and villi were counted per mouse. Only well-oriented villi with intact crypts, a continuous epithelial layer from the crypt to the villus tip, and a visible villus core were analyzed.
Enterocyte proliferation. Ninety minutes before death, mice received subcutaneous 5-bromodeoxyuridine [BrdU; 30 g/g body wt (3 mg/ml); Zymed Laboratories, San Francisco, CA]. Tissues were fixed (10% formalin), embedded in paraffin, sectioned, deparaffinized, and blocked (3% hydrogen peroxide, methanol 15 min, 25°C). Antigen retrieval was performed using the Diva Decloaking solution (Biocare Medical, Concord, CA) (120°C, 5 min and then 100°C, 1 min). Slides were blocked sequentially with avidin-pink and biotinblue (Biocare Medical), treated with anti-BrdU antibody [1:500, (OBT0030), Accurate, Westbury, NY] in DaVinci Green (Biocare Medical) (1 h, 25°C), and visualized with biotinylated goat anti-rat IgG, followed by streptavidin-horseradish peroxidase and diaminobenzidine, and hematoxylin counterstaining. Twenty well-oriented crypts per mouse were analyzed.
Enterocyte apoptosis. Dying cells were identified on hematoxylin and eosin-stained sections by pyknotic nuclei, condensed chromatin, and nuclear fragmentation. For activated caspase-3 staining, deparaffinized slides were blocked (0.5% hydrogen peroxide in methanol). Antigen retrieval was performed using Diva Decloaking solution (Biocare Medical) with pressurized heat. Slides were blocked using the Avidin/Biotin Kit (Biocare Medical), treated with primary anti-cleaved caspase-3 antibody [1:15,000, (9961L) Cell Signaling Technologies, Danvers, MA] overnight (4°C), and visualized with diaminobenzidine staining using Mach2 horseradish peroxidaseconjugated polymer probe (Biocare Medical, Concord, CA) and hematoxylin counterstaining. One hundred well-well oriented crypts per mouse were analyzed.
Enterocyte isolation. Crypts and villi were separated from other cells in bowel wall using calcium chelation and mechanical disruption, as previously described with minor modifications (26) . An 8-to 10-cm segment of distal small bowel was opened along the mesenteric border in phosphate-buffered saline with protease and phosphatase inhibitors (4°C), transferred to balanced salt solution (1.5 mM KCl, 96 mM NaCl, 27 mM sodium citrate, 8 mM KH 2PO4, 5.6 mM Na2HPO4, 15 mM EDTA, and 1 mM dithiothreitol) with protease and phosphatase inhibitors (PhosphoSTOP and Complete, EDTA-free Protease Inhibitor Cocktail Tablets Roche Diagnostics, Indianapolis, IN) and then vigorously vortexed (4°C, 5 min) to remove intraluminal contents. Epithelia were detached by additional vortexing for 3 min and then again in a new tube to collect crypts and villi. Crypts were separated from villi using a 70-m cell strainer (BD Biosciences), washed, and resuspended in 1 ml buffer A (150 mM NaCl, 1 mM EDTA, 50 mM Tris·HCl, pH 8.0) with the tablet protease and phosphatase inhibitors above. Crypt and villus fractions were sonicated and saved at Ϫ80°C for protein studies. Bowel remaining after crypt and villus removal was vortexed for 10 min in balanced salt solution to remove residual epithelia, homogenized in 1 ml buffer A, and centrifuged (1,000 g, 1 min, 4°C). The pellet was washed and resuspended in 1 ml of buffer A with protease and phosphatase inhibitors, sonicated, and stored at Ϫ80°C for protein analysis. Another 1-to 2-cm tissue segment was homogenized in 500 l of lysis buffer (RNAqueous kit) and frozen at Ϫ80°C for RNA analysis.
RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction
RNA prepared from Ͻ100-mg whole bowel 3-4 cm distal to the anastomosis following kit instructions (RNAqueous kit, Applied Biosystems) was stored at Ϫ80°C. RNA concentration was determined using a NanoDrop Spectrophotometer (ND-1000, NanoDrop Technologie, Wilmington, DE). Quality was evaluated using an Experion System with a RNA StdSens Chip and reagents (Bio-Rad Laboratories, Richmond, CA). Complementary DNA (cDNA) was prepared from high-quality RNA using an RT2 First Strand Kit (SABioscience; Fredrick, MD) and quantified using Quanti-iT OliGreen ssDNA Assay kit (Invitrogen, Carlsbad, CA). Equal amounts of cDNA were used in all reactions. mRNA levels were normalized to ␤-actin, and whole bowel cDNA was used as a plate-to-plate calibrator. Quantitative real-time PCR studies confirmed that ␤-actin levels are proportional to total mRNA in gut samples after both sham surgery and SBR (data not shown). Gene expression was examined using primers and reagents from SABioscience (Frederick, MD) and an Applied Biosystems 7500 Fast Real-Time PCR system (Foster City, CA).
Western Blots and Immunohistochemistry
Isolated crypt, villus, or remaining bowel were lysed with sodium dodecyl sulfate (SDS) sample buffer (50 mM Tris·HCl, pH 6.8, 2% SDS, 10% glycerol, and 5% mercaptoethanol) and heated (5 min, 100°C), and protein concentration was determined by using the RC DC kit (Bio-Rad, Hercules, CA). Protein (25 and 55 g) for EGFR and pEGFR, respectively, was separated on a 7% SDS-polyacrylamide gel (Novex gel, Invitrogen, Carlsbad, CA), transferred to Protran BA 83 (Whatman), and analyzed using EGFR (38) , pEGFR [mix of 4 antibodies at 1:5,000 each: Tyr845 (2231), Tyr1068 (2234), Tyr1045 (2237), Tyr992 (2235), Cell Signaling Technologies, Danvers, MA], and ␤-actin [1:10,000, (4970) Cell Signaling Technologies] antibodies. c-Fos staining of submucosal ganglia employed an antibody from Santa Cruz Biotechnology (1:100) and followed the protocol outlined (21) .
GLP2 Enzyme Linked Immunoassay
Serum was isolated from whole blood obtained 7 days after SBR by incubating at 4°C overnight, centrifuging for 20 min at 2,000 g, and taking the supernatant. A BioVendor (Candler, NC) mouse GLP2 enzyme linked immunoassay (ELISA) kit was used to determine serum GLP2 levels following the directions of the manufacturer.
Statistics
Analyses used SigmaStat software (SPSS 11.0, Chicago, IL). Two-way ANOVA was used for multiple comparisons. Student's t-test was used for single comparisons on normally distributed data and Mann-Whitney Rank Sum test on nonnormally distributed data.
2 test was used for categorical variables. Results are presented as means Ϯ SE. P values Ͻ 0.05 were considered significant.
RESULTS
Ret Heterozygous Mice Have Enhanced Adaptation After SBR
To test the hypothesis that ENS defects affect intestinal adaptation after bowel resection, we performed SBR or sham surgery on Retϩ/Ϫ and WT mice and analyzed bowel morphology 7 days later. Remnant bowel length was equal in WT and Retϩ/Ϫ mice after both sham surgery (WT 17.4 Ϯ 0.7 cm, Retϩ/Ϫ 16.0 Ϯ 0.6 cm, P ϭ 0.22) and SBR (WT 15.3 Ϯ 0.7 cm, Retϩ/Ϫ 15.6 Ϯ 0.7 cm, P ϭ 0.16). Bowel morphology 2 cm distal to the anastomosis was analyzed (Fig. 1A) . After SBR, Retϩ/Ϫ mice had significantly longer villi than WT mice (80 vs. 40% increase compared with sham, P Ͻ 0.001) (Fig. 1 , B and C). Mean crypt depth was also greater in Retϩ/Ϫ than WT mice after SBR (46 vs. 14% increase compared with sham, P Ͻ 0.001). In contrast, crypt depth and villus height after sham surgery or before surgery were equivalent in WT and Retϩ/Ϫ mice (Fig. 1C and data not shown) .
Consistent with increased villus length in Retϩ/Ϫ mice, Ret heterozygotes had more BrdUϩ epithelial cells per crypt (WT 15.5 Ϯ 1.3, Retϩ/Ϫ 21.8 Ϯ 1.0, P Ͻ 0.001) and more total cells per crypt than WT mice after SBR (WT 38.3 Ϯ 1.6, Retϩ/Ϫ 44.7 Ϯ 1.5; P ϭ 0.006; Fig. 2, A-C) . Retϩ/Ϫ mice also had a greater percentage of BrdU ϩ crypt cells than WT animals after SBR (WT 39.9 Ϯ 2.1%, Retϩ/Ϫ 48.8 Ϯ 1.3%, P ϭ 0.003) (Fig. 2D) . In contrast, these cell proliferation parameters were equivalent in WT and Retϩ/Ϫ mice after sham surgery. Furthermore, although crypt apoptosis increased after SBR (Fig. 3) , there was no difference in apoptosis rates between the WT and Retϩ/Ϫ mice. Collectively, these data demonstrate that Retϩ/Ϫ mice have an exaggerated proliferative response to SBR, but normal epithelial morphology in the absence of an adaptive stimulus. Because food intake can dramatically alter the adaptive response, we measured daily food intake in Retϩ/Ϫ and WT mice after SBR, but found identical food intake in these groups (WT 10.6 Ϯ 2.7 g/day, Retϩ/Ϫ 10.7 Ϯ 2.4 g/day, P ϭ 0.87), suggesting that differences in food intake are unlikely to account for enhanced adaptation in Retϩ/Ϫ mice. 
Retϩ/Ϫ Mice Have Elevated Levels of Whole Bowel mRNA for GLP2 and the EGFR Ligand Areg After SBR
The morphological data suggest that Ret heterozygosity alters the resection-induced adaptive milieu in favor of enhanced epithelial proliferation. We hypothesized that this occurs because Ret heterozygosity induces expression of proteins already known to be important stimulants of small bowel adaptation. Although many molecules influence epithelial growth after SBR (29), we focused on GLP2 receptor (GLP2R) and EGFR signaling, since these proteins are considered to be important for intestinal adaptation (3, 17, 18, 23, 24, 32, 39 -41, 44 -46) . Furthermore, GLP2R is expressed in the ENS (5), and levels of the EGFR ligand Ereg are elevated in neonatal RetϪ/Ϫ mice (43) .
We found significantly higher levels of glucagon mRNA, the precursor for GLP2, after sham surgery (3.9-fold; P ϭ 0.029) and SBR (6.2-fold; P ϭ 0.005) in Retϩ/Ϫ compared with WT mice (Fig. 4A) . mRNA for the EGFR ligand Areg were also 4.6-fold higher in Retϩ/Ϫ than WT mice after SBR (P Ͻ 0.001), but equivalent after sham surgery (P ϭ 0.383; Fig. 4C ). In contrast, EGFR mRNA was higher in the Retϩ/Ϫ than WT mice after sham surgery, but equivalent in the SBR group (Fig.  4B) . Interestingly, EGF mRNA levels were significantly lower in the WT SBR compared with WT sham mice (P ϭ 0.019). Mean EGF mRNA level was also lower in Retϩ/Ϫ mice after SBR than after sham surgery, but this difference was not statistically significant (P ϭ 0.17). GLP2R, Ereg, heparinbinding-EGF, and transforming growth factor-␣ mRNA levels were also equivalent in Retϩ/Ϫ and WT mouse small bowel after sham surgery or SBR (i.e., P Ͼ 0.05 for all comparisons; Fig. 4 , E-H) Collectively, these data suggest that Ret heterozygous mice may have an increased adaptive response after SBR because of increased activation of GLP2R or EGFR signaling pathways compared with WT via elevated GLP2 or Areg production.
Increased GLP2R Signaling Is Unlikely to Mediate Enhanced Adaptation in Retϩ/Ϫ Mice After SBR
GLP2R is expressed within enteric neurons; however, these cells are challenging to isolate from adult mice and difficult to study biochemically. Because GLP2 peptide is released into serum from L cells after complex posttranslational processing (34) and serum levels increase after SBR (6, 25, 30), we hypothesized that higher glucagon mRNA levels in Retϩ/Ϫ might lead to higher serum levels of GLP2 peptide. To test this hypothesis, we directly measured serum GLP2 peptide levels by ELISA, but found identical serum levels in WT and Retϩ/Ϫ mice 7 days after SBR (WT 1.38 Ϯ 0.14 ng/ml; Fig. 4 . mRNA analysis. Whole bowel 7 days after SBR or sham surgery was analyzed by quantitative RT-PCR. A: glucagon (Gcg) mRNA [the precursor for glucagon-like peptide 2 (GLP2)] was more abundant in Retϩ/Ϫ than WT mice after SBR and after sham surgery. B: epidermal growth factor (EGF) receptor (EGFR) mRNA was more abundant in Retϩ/Ϫ than WT mice after sham surgery, but not after SBR. C: amphiregulin (Areg) mRNA was more abundant in Retϩ/Ϫ than WT mice after SBR, but not after sham surgery. D: EGF mRNA levels were lower after SBR in WT mice than after sham surgery, but not statistically different in the SBR and sham groups of Retϩ/Ϫ mice. E-H: mRNA levels for GLP2 receptor (GLP2R; E), epiregulin (Ereg; F), heparin-binding-EGF (HB-EGF; G), and transforming growth factor (TGF)-␣ (H) were equivalent in WT and Retϩ/Ϫ after sham surgery or SBR (P Ͼ 0.05). Values are means Ϯ SE. #P Ͻ 0.001. *P Ͻ 0.03. Retϩ/Ϫ 1.38 Ϯ 0.08 ng/ml, P ϭ 1.0). The possibility remained that local GLP2 release could activate enteric neurons. Because exogenous GLP2 increases the number of submucosal neurons with nuclear c-Fos localization in rats (21), we evaluated c-Fos protein nuclear localization in submucosal neurons 7 days after SBR by immunohistochemistry. Unlike the results reported in rat, we found very few submucosal neurons with nuclear c-Fos localization in either WT or Retϩ/Ϫ mice. Collectively, these data suggest that increased GLP2R activation is unlikely to account for the enhanced adaptive response in Retϩ/Ϫ mice after SBR.
Ret Heterozygosity Increases EGFR Activity in Small Bowel Crypt Cells
We next investigated the possibility that EGFR activation was increased in Retϩ/Ϫ compared with WT mice after SBR. EGFR is expressed in gut epithelial cells that can be readily isolated in large numbers from mouse bowel. Crypt epithelial cells are ideal for investigating EGFR activation, since proliferation rates are elevated in these cells in Retϩ/Ϫ mice after SBR compared with WT animals. If elevated mRNA levels for Areg found in Retϩ/Ϫ mice after SBR reflect protein abundance, then Retϩ/Ϫ mice should have increased EGFR activation compared with WT animals after SBR. To test this hypothesis, we separated crypt epithelial cells from villi and remaining bowel 7 days after SBR. Western blot demonstrated higher levels of EGFR protein in crypt epithelial cells of Retϩ/Ϫ than WT mice (1.44-fold higher, P ϭ 0.03), but comparable levels of EGFR protein in villi (P ϭ 0.94) and remnant bowel (P ϭ 0.11) (Fig. 5, A and B) . Interestingly, pEGFR (i.e., activated receptor) in crypt cells was dramatically higher (2-fold, P ϭ 0.003) in Retϩ/Ϫ than in WT mice 7 days after SBR (Fig. 5, C and D) . These data are consistent with the hypothesis that Ret heterozygosity increases levels of the EGFR ligand Areg after SBR, and that EGFR activation contributes to the increased adaptive response in Retϩ/Ϫ mice.
DISCUSSION
Small bowel has the remarkable ability to adapt after resection by increasing villus and crypt length to enhance absorptive surface area. This process requires that bowel remaining after resection "senses" intestinal loss and responds by sustained increases in stem cell proliferation in the intestinal crypt. Our investigations demonstrate that Retϩ/Ϫ mice adapt more vigorously than WT after SBR. Specifically, after 50% SBR, Retϩ/Ϫ mice have longer villi, more crypt epithelial cells, and greater rates of crypt epithelial cell proliferation than WT. Retϩ/Ϫ animals also have higher levels of GLP2 and Areg mRNA in remnant bowel and increased EGFR phosphorylation. Interestingly, however, we did not detect elevated levels of GLP2 peptide in serum 7 days after SBR or increased submucosal neuron c-Fos accumulation in Retϩ/Ϫ vs. WT mice, suggesting that the mechanism of enhanced adaptation in Retϩ/Ϫ animals may be GLP2 independent. These observations imply that a novel genetic mechanism may impact the adaptive response in short bowel syndrome. Furthermore, these data indicate that one or more Ret-responsive cell populations normally limit adaptation after SBR, and that reduced Ret signaling may enhance adaptation.
When we initiated these studies, we had the simplistic idea that mutations that reduce ENS function would impair intestinal adaptation after SBR. This hypothesis was based on the observation that the ENS was necessary for GLP2 activity, since the GLP2R is expressed in enteric neurons and TTX blocks GLP2-induced c-Fos activation in crypt cells (5, 16) . We had hypothesized that Retϩ/Ϫ mice might provide insight into the relative importance of GLP2R in the ENS vs. GLP2R in myofibroblasts and enteroendocrine cells, since Ret heterozygosity impairs ENS function, but Ret is not expressed in myofibroblasts or enteroendocrine cells. The observation that Retϩ/Ϫ mice have a greater adaptive response to SBR than WT demonstrates that our original hypothesis was wrong. However, our results are interesting when considered in the context of prior studies.
In contrast to Retϩ/Ϫ mice after SBR, we found normal villus and crypt morphology in Retϩ/Ϫ animals after sham surgery. This suggests that one or more trophic factors are differentially regulated in Ret heterozygotes after SBR compared with baseline conditions. One intriguing observation that could provide a plausible explanation for this dichotomy in intestinal architecture is that Areg mRNA is dramatically elevated after SBR, but not after sham surgery in Retϩ/Ϫ compared with WT mice. Areg is an EGFR ligand, and assuming that increased mRNA leads to elevated protein at the EGFR, elevated Areg would be anticipated to cause the morphological changes and increases in crypt EGFR phosphorylation that we observed.
Why Areg levels are elevated in the bowel of Retϩ/Ϫ mice after SBR is unknown. Retϩ/Ϫ mice are known to have reduced release of some neurotransmitters in response to electrical stimulation and to have reduced intestinal motility in vitro (15) . It is, therefore, possible that Areg expression is controlled by neuronal activity. In this context, several prior observations suggest that components of the ENS may have an inhibitory effect on intestinal adaptation. For example, destruction of the ENS with benzalkonium chloride causes enhanced adaptation after SBR that closely mimics our results (8, 14) . Benzalkonium chloride-induced bowel denervation, however, increases crypt depth and villus height in rats, even without SBR (8) , whereas Retϩ/Ϫ have similar morphology to WT animals in the absence of SBR. This difference could occur because benzalkonium chloride causes a 75-85% loss of enteric neurons, a defect much more severe than Ret heterozygosity. Nonetheless, the chemical injury model adds credence to the idea that Retϩ/Ϫ-induced reductions in ENS function enhance bowel adaptation after SBR. Prior coculture studies of human ENS and epithelial components also demonstrated that epithelial proliferation increased when ENS activity was blocked with TTX or by vasoactive intestinal peptide (VIP) receptor antagonist. Furthermore, VIP administration even in the presence of TTX reduced epithelial cell proliferation (42) . Because VIP release from electrically stimulated Retϩ/Ϫ bowel (15) is reduced compared with WT mice, it is possible that lower VIP levels might cause the enhanced proliferative response after SBR in Retϩ/Ϫ mice. Linking specific cellular and molecular changes within the ENS to effects of Ret heterozygosity on small bowel adaptation will, however, require considerable additional investigation.
From a mechanistic standpoint, Ret also has essential roles in the sympathetic and parasympathetic nervous system, selected sensory neurons, and kidney development (12, 13, 37) . Since the autonomic nervous system regulates many organs, it is conceivable that imbalances between sympathetic and parasympathetic innervation could alter growth factor or hormonal signaling to enhance adaptation after SBR in Retϩ/Ϫ mice, independent of ENS function. The effect of Ret heterozygosity might then only become evident in the setting of stressors that activate the autonomic nervous system. One intriguing possibility is that enhanced adaptation in Retϩ/Ϫ mice after SBR results in part from altered autonomic innervation of salivary gland, an essential source of EGF after SBR (19) . Salivary gland receives both sympathetic and parasympathetic innervation that is Ret dependent, and EGF synthesis and release depend on the balance of sympathetic and parasympathetic signaling. Moreover, because EGF induces the expression of other EGFR ligands (4, 7), the increased Areg mRNA in Retϩ/Ϫ mouse bowel might be a secondary effect of altered salivary EGF secretion. Autonomic innervation to other organs could also contribute to the observed phenotype by altering systemic hormone levels that impact the adaptive response after SBR.
These observations imply that Ret signaling may have physiological relevance after SBR in human populations, since a common human Ret intronic polymorphism reduces Ret protein levels and increases the risk of Hirschsprung disease by severalfold (11) . Specifically, the ϩ9.7T allele (SNP rs245357) that is present in 25% of Caucasians and 50% of Asians is part of an enhancer element that reduces the expression of Ret reporter constructs six-to eightfold (11) . The ϩ9.7T polymorphism alone does not, however, cause distal bowel aganglionosis, since it has a "mild" effect on Ret expression compared with haploinsufficiency, which entails a 50% risk of human Hirschsprung disease. Interestingly, Retϩ/Ϫ mice have full colonization of the bowel by ENS precursors, but, like the ϩ9.7T allele, Ret heterozygosity sensitizes animals to other mutations that, in combination, cause Hirschsprung-like disease (31) . It is, therefore, tempting to speculate that Retϩ/Ϫ mice are a closer mimic for the human ϩ9.7T allele than for human Ret heterozygosity. If this is true, then common Ret enhancer polymorphisms may be a major determinant of the adaptive response of the small bowel to intestinal resection in humans. This is a potentially testable hypothesis that will be pursued by linking small bowel length at the time of resection, duration of TPN dependence, and human genetics.
Summary
Our data indicate that a Ret-responsive program limits intestinal adaptation after SBR. Deciphering which Retϩ/Ϫ mouse defects enhance bowel adaptation after SBR will require the type of analysis we just completed using a series of tissue or cell type specific Ret mutant animals that do not currently exist. Nonetheless, these findings provide hope that modulation of neuronal function could enhance bowel adaptation in individuals with short bowel syndrome. Furthermore, since polymorphisms that alter Ret expression are common in humans, variable Ret expression may underlie in part the variable clinical adaptation observed after SBR and influence the likelihood of long-term total parenteral nutrition dependence. These studies, therefore, open new avenues of investigation and provide a stronger impetus to investigate neural mechanisms regulating bowel adaptation. They also suggest that low levels of Ret kinase inhibitors (36) currently entering clinical trials for cancer might be beneficial in the individuals with short bowel syndrome to enhance intestinal adaptation.
